Electricity demand in a certain locality varies during the day, depending on weather conditions, daily life routines, or a social event in a town. During high/peak demands, expensive power plants are put into operation, which affects electricity prices. Moreover, power lines are overloaded. If generation capacity is insufficient, a blackout may result. Demand response (DR) programs are widely proposed in energy research to tackle these problems. Although the benefits of DR programs are well known, customer response levels to these programs is low. This is due to the small fraction of benefits they receive against the loss of comfort, lost leisure time, and other inconveniences. The objective of this work is to study DR costs from the customer perspective by considering these factors. A customer survey-based direct approach is used to evaluate the willingness of customers to accept (WTA) a certain compensation when shifting the load is adopted. Two different methods are used to calculate DR costs: percentage compensation, which customers are WTA, and one based on a macroeconomic model, which considers the dependency factor of customers on loads and hourly wage. A linear mathematical model is presented based on both these techniques. This study reveals that DR costs are much less than interruption costs paid by the utility company, and hence is in the best interests of all stakeholders, i.e., customers, utility company, and transmission company.
Introduction
In this era of fast lifestyle, electricity has become one of the most important human dependencies. We are dependent on electricity at every step of our life. Transportation, health facilities, telecommunication networks, electrical lighting, computers, and domestic automated appliances are some of the modern electrical loads without which life cannot be imagined [1] . As a result of high dependency on electricity, the demand for electricity production is also increasing day by day, which requires utility companies to increase their generation capacity to fulfill the desired demand [2] . Increasing demand causes peaks during certain hours of a day in electricity load curve [3] , and this peak may have unbearable effects on power transmission lines, which are at a high risk of failure and losses due to overloading, which leads to power outages or blackouts [4] .
The current solutions to the problem of irregular electricity demand is increasing generation capacities by adding new power plants, developing energy storage techniques and demand response (DR) [5] . The first two solutions are based on the idea of increasing supply to match the demand. However, this approach is not sustainable and is not affordable in all countries. Moreover, adding new conventional power plants is economically not preferred because they will match the demand during peak hours but may stay idle during off-peak hours and hence results in wasted capacity. Adding more renewable energy sources may not solve the problem due to their intermittent nature and low reliability [6, 7] . Energy storage is considered to be one of the key components to match demand and supply in the future smart grid. However, bulk storage is still a challenge and is under research and development currently [8] . DR is the one of the solutions to match the supply with demand by managing the demand (shifting uninterruptible or schedulable loads) unlike the other solutions where supply is regulated to match the demand. The DR programs deal with peak events effectively by changing the demands to match the available generation, and help to prevent the network from overloading [9] [10] [11] . In this way, DR helps to avoid electricity outages or blackouts, increases savings in electricity bills, and raises responsibility awareness in customers [12] [13] [14] . The motivation for customers to participate in the DR program lies in the reduction of price volatility in electricity tariffs [15] . However, it requires certain compromises from customers to ensure continuous supply of electricity [16] . DR programs in the residential sector can be implemented in two ways, which are either through price-based, also known as indirect load control (ILC), and incentive-based techniques, also-called direct load control (DLC), and the customers are compensated accordingly [17] [18] [19] . In ILC, customers are encouraged to reduce their energy consumption based on electricity price patterns during off-peak and peak hours. Naturally, the electricity prices during peak hours are higher than the off-peak hours, due to the need for expensive power plants to be put on operation to meet the peak demand. This motivates customers to shift some of their non-critical loads to off-peak hours to save electricity cost [20] . In DLC, customers are offered incentives to participate in the DR programs while ensuring the scheduling, reduction, or disconnection loads whenever needed. The instantaneous demand and operating state of individual devices are managed using centralized controller, which conduct both decisions and control actions [21] .
The residential sector accounts for 30-40% of total energy consumed [22, 23] . Hence, a huge potential lies in implementing DR programs for the residential sector to achieve the above objectives. Various DR programs have been proposed and evaluated in the literature [24] [25] [26] [27] [28] [29] [30] . The potential of DR programs is determined in terms of energy saving and peak shifting. Most of these programs claim to be effective in reducing the peaks by up to 35% and reduction in electricity bills by up to 10%. In [31, 32] , the responsiveness of the customers in various DR programs is evaluated. Customers respond to a time-varying electricity tariff in ILC, but their response varies widely. Some results show that a high fraction of residential customers do not respond to the price signals. This may be due to the small fraction of benefits in their monetary budgets compared to various compromises they have to make including loss of comfort, loss of leisure time, loss of flexibility, etc. This research work fills this gap to evaluate such factors in terms of DR costs. Figure 1 lists different categories of DR costs faced by both the customer and the utility company [33, 34] . The DR costs evaluated in this research through customer survey cover the two sub-categories highlighted blocks, i.e., discomfort costs and incentives. Both costs are correlated with each other, as the discomforts faced by the customers while participating in the DR programs should be compensated. Otherwise, the customers will lack motivation and will be less willing to participate in the DR programs. This study is beneficial for both the utility companies and domestic electricity users. A utility company may use the principles and methodology described in this article, for a certain locality or town to plan a DR program to avoid peak loading or interruption (in severe cases). These principles also provide a guide that highlights the risks and benefits to domestic customers to participate in DR programs.
The paper is organized as follows: Section 2 presents the methodology and steps adopted to determine the DR costs. Section 3 provides analysis of survey results and elaborates the costs calculated from it. Section 4 establishes a correlation and comparison between the calculated DR costs and the CICs. The last section, Section 5, provides conclusions. 
Methodology

Daily Load Curve
A daily load curve is drawn in Figure 2 , which shows major electricity usage of an average household in Finland. During winter, the major load in a house is space heating, which can be clearly seen as a constant load during the day and rises around midnight. Other major loads such as water heater, cooking appliances, vacuum cleaner, and electric iron are used during certain hours of a day [35] . Therefore, it is in the best interest of power companies and end users to shift some of the non-critical loads to other hours of a day when electricity demand is almost stable. 
Direct and Indirect Cost Calculation Methods
Various methods can be used to evaluate the costs of DR, broadly categorized as indirect analytical methods and direct approaches [36, 37] . The indirect analytical methods are implemented using the data which is accessed easily on different sources such as electricity prices or tariff, annual electricity consumption of a country or locality, gross national product of a country and various other factors need to be considered [38] . In such analysis the DR costs are directly proportional to the customer damage functions (CDF). CDF is defined as the sufferings happened to the customers such as the economic losses due to the load shifting or as a result of electricity outages [39] . In direct approaches, customer surveys are conducted and data on the willingness of customers is collected by telephone calls, one-to-one interviews, or by online or paper-based questionnaire [40] .
Correlation between Customer Interruption Cost (CIC) and DR Cost
Consequences faced by either interruption of electric supply to the customers or DLC can be very similar. For example:
Restriction of leisure activities at home • Restriction of working performance • Data loss and reconfiguration of equipment • Interruption of space heating or cooling, hence compromising the comfort levels •
Other inconvenience A lot of work has been done previously to calculate cost of the direct load control approaches and electricity interruptions which provide basis for estimating the DR costs [4, 37, 38, [41] [42] [43] [44] . The customers were asked what kind of issues and losses they got in case of an interruption happened in the past. The interruptions were categorized based on the duration of outages such mas monetary interruptions (very short duration ) and non-monetary interruptions long durations and they were further subdivided into various categories. Empirically, interruption cost can be estimated by the following Equation (1).
CIC =
Total cost incurred due to interruption Total estimated energy not served during the interruption (1) Customers willing to avoid interruption will be motivated to participate in the DR programs. The reference to these works is used in this research to calculate the costs of compensation to participate in DR programs.
Procedure
Complete procedure adopted in this research is summarized in the following steps:
1.
A customer survey was conducted for 145 residential customers (sample questionnaire is given in Supplementary Materials. Customers were asked to show their willingness to shift, against each of their appliance along with the shifting duration. They were also asked percentage compensation on electricity bills they are willing to accept (WTA) in return. Hence, a WTA approach is adopted in this research. Shifting duration varied from 5 min to 600 min. More details can be found in the survey questionnaire.
2.
Survey results are given in Appendix A.1 which summarize the percentage shifting flexibility of each appliance against each shifting time interval.
3.
From the percentage shifting flexibility, a more useful parameter, percentage power flexibility was calculated.
4.
Average percentage compensation is calculated for all the houses.
5.
Average dependency factor for all the customers on electricity is calculated based on the shifting flexibility. 6.
DR cost is calculated by using the average compensation percentage and dependency factor. Both are then compared with CIC. 7.
The DR costs calculated above are then plotted as a function of shifting intervals to find a mathematical relationship.
Customer Survey and DR Cost Calculation
The survey given in Supplementary Materials was conducted for residential customers in Helsinki and Espoo area. A total of 145 houses participated in the survey. The data was processed in excel and the averaged survey results are given in Appendix A.1, which summarize the percentage of customers willing to participate in DR, or not willing, and percentage of appliances which are shiftable. 15 different most available domestic appliances were considered in this survey. Out of 145 customers, 12 were not willing to participate in the DR program, and the analysis was done for 133 houses.
In the customer survey, customers were asked to describe their expectation for compensation to be paid by the utility company as a result of participating in the DR programs and shifting some of their load during the time of needs. Hence, this cost includes the compensation for the loss of leisure time, loss of comforts and loss of freedom to use their appliances and carry on their daily activities according to their wishes.
Sample Data Analysis
The survey results provide information about how many customers are willing to shift (WTS) to a certain appliance for a specific shifting duration. Categorization of appliance into critical and non-critical, is completely dependent on customers' choice. The percentage ownership of an appliance is calculated by Equation (2) 
For example, customers' WTS microwave oven for specific duration of time is given in Table 1 below. It is also considered, if a customer is WTS a certain appliance for a certain duration for example 30 min, the appliance is obviously shiftable for all the lower shift durations, i.e., 5 min and 15 min as well. Therefore, for the above table the percentage shifting flexibility is calculated based on this fact as given in Table 2 . Percentage flexibility for all the appliances is calculated and given in Appendix A.2. 
Average Flexibility of Appliances
Flexibility is the measure of the consumer response to a tariff change or price signals. The following data summarizes the average flexibility percentage of home appliances as a function of shifted time intervals. Average flexibility of all the appliances for a specific shifting interval is calculated simply by taking an average of percentage flexibility of all the 15 appliances. For example, for 5 min shifting interval, the percentage flexibility of all the appliances for 5 min are added up and divided by the number of appliances, i.e., 15. This is done by adding all the entries in a column in Appendix A.2 and dividing by 15. Results are given in the last row of this Table and given in Table 3 . The results show that 83% of the loads can be shifted for 5 min which is quite a significant amount of load. When the shifting interval is extended to several hours, this percentage value drops. This obviously reflects human needs, comforts, and freedom. One can postpone a certain load for a short duration but eventually will be needing it after some time. Table 3 and Figure 3 explaining the average flexibility compromised by the customers is shown below. 
Reduction in Power Reduction Due to the Shifting of Domestic Appliances
From the survey results, the percentage of flexibility of each device provides information about which devices are shiftable and to what extent. However, this information is insufficient from the utility company point of view, as additional information is needed for how much reduction in power consumption will be offered by the customer if they postpone the operation of a specific appliance during the peak hours. For this purpose, the power of each appliance needs to be incorporated as well. Therefore, in the following Figure 4 
The power-shifting potential of all the other appliances mentioned in the survey is shown in the following Figure 4 , which gives clear understanding of the potential in power reduction of domestic appliances during the peak hours. 
Compensation Cost Calculation
Compensation or incentive paid back to the customers involved in the DR program compensates for the lost utility. There is loss of comfort to the customer as a result of load shifting. The comfort requirements of customers vary widely. In the customer survey, customers were asked to indicate the time shifting duration for individual loads and that indicated the dependency and importance of individual equipment to a customer. Customers who indicated less shifting duration for a certain appliance, means that appliance is very critical/important for him/her and dependency of that customer on that appliance is high. Therefore, if he/she is asked to shift that appliance for a longer duration, he/she must be compensated more than others.
For instance, if someone is willing to postpone a certain appliance only for 5 min and the utility company asks for 1 h shift, that means the value of the use of this equipment is 1 h divided by 5 min to the customer, i.e., 12. So it is 12 times more valuable than the basic value of 1 h. Therefore, this customer must be compensated 12 times more than another customer who can easily shift for 1 h. This criterion provides the basis of modelling for DR costs.
The same model is used to calculate the following parameters which include average flexibility per house out of all 145 houses for all the shifting intervals (5 min . . . 600 min), the average of all these shifting intervals which is 170 min and the average compensation and average flexibility as given in Table 4 below. Average compensation is expressed as percent of the annual electricity bill. To calculate the compensation cost, it is proposed that the customers will receive a certain percentage of the energy cost only for the load they are WTS for a certain shifting duration but not the full load or full energy consumption of the customer per day. For example if a customer has a total load of 10 kW and total energy consumption per day is 20 kWh but he/she is WTS only 4 kW for a certain shifting duration (e.g., 30 min), and this load consumes 8 kWh energy, in this case only this 8 kWh will be considered for the compensation, irrespective of the total energy consumption of this customer per day.
To accomplish our objective to calculate the compensation cost, firstly the total shiftable load is determined for each shifting duration (i.e., 5, 15, 30, 60, 180, 300, and 600 min) and their energy consumption cost is calculated using Equation (5) . In this equation P i is a certain load (e.g., electric stove/oven), t i is its operation duration (e.g., 2 h), C e is the electricity price in kWh and N is the total number of appliances in a household. A flat rate of 6 cents/kWh is considered to be a value of constant C e for whole day in these calculations [45] .
The results are given in column 2 of Table 5 . It is clear that the energy cost of the shifted load for smaller shifting duration is higher due to the fact that customers are WTS their critical loads only for smaller duration. Hence, the number of loads and the total shifted load will be high, leading to a higher energy cost of these loads for the smaller shifting duration and as the customers are WTS only non-critical load for large shifting interval, therefore the number of loads and total shifted load is less, so the energy cost is lower.
Then average percentage compensation which customers are WTA for a certain shifting duration is determined from survey results and is given in column 3 of Table 5 . Finally, the compensation cost is calculated by using Equation (6) and is given in column 4 of Table 5 .
where CC DR is the compensation cost of DR, and %C is the percent compensation expected by the customers (determined from survey results and given in column 3 of Table 5 ). Figure 5 shows the plot of average compensation cost for all shifting durations, it can be seen that the compensation cost calculated based on WTA from the customer survey has a logarithmic relationship with the shifting interval. It varies almost linearly in start, for small time intervals and then it is almost constant for large intervals. Although the average compensation cost (euro per shift interval) shown in Table 5 is very low compared to the daily electricity bill, the participation of customers in these programs will surely help to avoid complete interruption of electric supply or blackouts. Moreover, due to the low cost, it is a feasible and economical solution for the utility companies to implement it. 
Customers' Dependency Factor 'd'
Dependency of domestic customers on the electricity is determined from the survey and a parameter is defined as "the continuous electric power dependency factor" d whose value may range from 0 to 1. In this study, the dependency factor, d is calculated using Equation (7), which gives an idea about how much people are dependent on loads/appliances and for how much time they can postpone the operation of appliances [4] . d = 100% − % Reduction in Power Consumption due to load shifting 100% (7) The 0 value of the d tells that 100% of the load can be shifted, whereas 1 represents 100% dependency of a certain customer on the loads and none of the appliances can be shifted. The d for an individual house is calculated for the different load shifting intervals (from 0 min to 600 min).
Then average values of all the houses was calculated and summarized in Table 6 below. The results can also be seen in the bar graph in Figure 6 . It is observed that the d factor is low for smaller shift durations and increases linearly as the load shift interval increases. Figure 6 . Average dependency factor vs. shifting interval.
DR Cost Calculation Based on Dependency Factor d
A macroeconomic approach was proposed for customers' outage costs in [46] , the basic theory of this model is that "one hour of shift duration during the free time is equal to one non-working hour during the office hours" which employs that this one non-working hour will be equal to one hour salary/wage of the work. Therefore, using the same approach a model is developed for calculation of DR cost as a compensation for shifting [44] . The cost is calculated for each duration of time using the 8 given below.
where d is the dependency factor for continuous electric power determined in Equation (7) . PP is the total peak power consumption in kW per each household, t is the load shifting duration in hours and w is the hourly wage in euros (e). These variables are easy to find and use. Therefore, based on above equation the DR cost is calculated in Table 7 . Figure 7 shows the plot of DR cost for all shifting durations using average dependency factor d per household. It is clear from the above Table 7 and Figure 7 that the DR cost is as low as a few cents/kW for small shift intervals up to 30 min, whereas this cost increase significantly as the shifting interval increases. Therefore, from this model, it is clear that it is more economical to shift loads for small intervals and if there is a need, the loads can be requested to be shifted again. Usually, the peak hours last between 2-3 h and the cost can be as high as 1.475 e/kW for this interval as shown in Figure 7 . This model seems to be more attractive for customers and does not look feasible or economical for utility companies. 
Comparison between CIC and DR Compensation Cost
As explained in Section 2.3, the CIC cost and DR cost are correlated. A survey was conducted in Helsinki by a colleague to assess the CICs using direct approach and WTA and willingness to pay (WTP) criteria [4, 44] . As the weather condition of Finland is very harsh during the winter time, most of the peak demand occur during this time due to heating system. So, keeping in view this scenario customers were asked to either accept certain outage duration 1-3 h (WTA) or they were asked to pay certain amount to get continuous electric supply (WTP). The direct losses faced by the customers due to interruptions were also evaluated in this study, and termed as CIC direct worth (CIC DW ) estimation. By the analysis of the data gathered using these approaches the CIC cost was calculated by different methods and is given in Table 8 below, which is compared with the DR costs calculated in Tables 5 and 7 , and the comparison is made for 1 h and 3 h durations. The values for CIC DW , WTA and WTP are used from literature [4, 44] . As it is obvious from the results in Table 8 , the DR costs are much lower than the interruption costs and this is very favorable for utility companies. It is also in the best interests of customers that they will be paid a compensation without a complete blackout. However, customers may have to sacrifice some of their comforts, leisure activities, and flexibility of using appliances. Hence, implementation of DR programs is in the best interests of all stake holders. 
Conclusions
Peak electricity demands result in increase in electricity prices, overloading of power lines, and sometimes interruption of electric supply to the customers. One of the widely accepted solutions is DR, in which customers are asked to shift some of their loads to off-peak hours. In this paper, an econometric study based on customer survey is done to estimate the DR costs from a customer perspective. In this study, 145 residential customers participated. The analysis of survey results represents the potential of DR for residential customers and determines the available power flexibility of various daily use appliances. As the participation in DR programs may compromise the customer comfort levels and their freedom to use appliances, as well as their loss of leisure time, therefore the DR costs are determined by incorporating these factors while asking customers the percentage compensation they are WTA on their electricity bills in return.
Two methods are used to calculate the DR costs: willingness of customers to accept a percentage compensation (WTA Method), and a macroeconomic model which considers the dependency factor of customers on loads and hourly wage. A linear mathematical model is presented based on both techniques. It is found that the average percentage compensation asked by the customers for a three-hour shifting of loads is 7.90% of the electricity bill for those loads which are shifted. The compensation cost paid by the utility company for a three-hour shifting duration is estimated as 6 cents per house per shifting event only. The average dependency of a house for three hours on loads is determined to be 0.63 and the DR cost calculated is 1.47 euro/kw, which is much higher than the results obtained by WTA technique. The calculated DR costs are compared with CICs in Table 8 , due to their relevance in terms of consequences during the unavailability of electric supply.
This study proves that DR costs are much less than the interruption costs experienced by customers and hence in the best interests of all the stake holders, i.e., customers, utility company, and transmission company. 
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